Genomic multiplication of the locus-encoding human ␣-synuclein (␣-syn), a polypeptide with a propensity toward intracellular misfolding, results in Parkinson's disease (PD). Here we report the results from systematic screening of nearly 900 candidate genetic targets, prioritized by bioinformatic associations to existing PD genes and pathways, via RNAi knockdown. Depletion of 20 gene products reproducibly enhanced misfolding of ␣-syn over the course of aging in the nematode Caenorhabditis elegans. Subsequent functional analysis of seven positive targets revealed five previously unreported gene products that significantly protect against age-and dose-dependent ␣-syn-induced degeneration in the dopamine neurons of transgenic worms. These include two trafficking proteins, a conserved cellular scaffold-type protein that modulates G protein signaling, a protein of unknown function, and one gene reported to cause neurodegeneration in knockout mice. These data represent putative genetic susceptibility loci and potential therapeutic targets for PD, a movement disorder affecting Ϸ2% of the population over 65 years of age.
I
n the advent of complete genomic sequences and technologies for uncovering putative protein interaction networks or wholegenome analyses, scientists have generated many ''lists'' of candidate genes and proteins that can be harnessed for in-depth analyses of cellular processes or disease states. In the nematode Caenorhabditis elegans these include pioneering studies defining the protein ''interactome'' (1), the ''topology map'' for global gene expression (2) , and meta-analyses of predicted gene interactions (3) . Application of this nematode toward human disease research has already provided insights into the function of specific gene products linked to a variety of neurological disorders (4) (5) (6) . Given that the average lifespan of this nematode is only 14-17 days, it has been especially useful in its application to diseases of aging. In this study we exploited the potential predictive capacity of these C. elegans bioinformatic databases to discern genetic components and/or pathways that might represent heritable susceptibility factors for Parkinson's disease (PD).
PD involves the progressive loss of dopamine (DA) neurons from the substantia nigra, accompanied by the accumulation of proteins into inclusions termed Lewy bodies. Central to the formation of Lewy bodies is ␣-synuclein (␣-syn), a polypeptide with a propensity toward intracellular aggregation. Genomic multiplication of the WT ␣-syn locus results in PD, indicating that overexpression of this protein alone can lead to the disease (7) . Maintenance of DA neuron homeostasis has been hypothesized to be important for neuroprotection because an imbalance of cytosolic DA may contribute to neurotoxicity. Mechanistically, the selective loss of DA neurons in PD is very possibly due to the presence and chemical nature of DA itself. The capacity of DA for oxidation and its effect on stabilizing toxic forms of ␣-syn (8) represent a ''perfect storm'' in the context of the oxidative damage associated with the aging process, other potential environmental insults (e.g., heavy metals and pesticides), or differences in genetic predisposition.
Familial PD has been linked to specific genes, several of which function in cellular pathways involving the management of protein degradation and cellular stress (9) . Although most primary insights into the molecular nature of PD have thus far come via genetic analyses of familial forms of PD, there is significant evidence that implicates a combination of environmental factors as pivotal to sporadic causality (10) . Improvements in the diagnosis and treatment of PD will be contingent on increased knowledge about susceptibility factors that render populations at risk.
We previously reported the establishment of a nematode model of age-dependent ␣-syn-induced DA neurodegeneration that has facilitated successful identification of multiple neuroprotective factors, including those that have since been validated in other model organisms and mammals (6) . Here we take advantage of the experimental attributes of C. elegans to characterize a set of neuroprotective gene products initially identified in a large-scale candidate gene screen for factors influencing misfolding of human ␣-syn in vivo by RNAi. These data represent a collection of functionally delineated modifiers of ␣-syndependent misfolding and neurodegeneration that enhance our understanding of the molecular basis of PD and point toward new potential targets for therapeutic intervention.
Results
Overexpression of Human ␣-Syn in C. elegans. Using a fusion of human ␣-syn to GFP, we generated transgenic nematodes that enabled us to evaluate the consequences of ␣-syn overexpression and misfolding in vivo. This isogenic strain contains misfolded ␣-syn::GFP aggregates in body wall muscles that worsen as these animals develop and age (Fig. 1A) . Coexpression of worm torsinA (TOR-2) ameliorated the formation of these fluorescent aggregates, thereby extending prior observations on torsin chaperone activity (Fig. 1B) (4, 11) . Expression of an intact ␣-syn::GFP fusion, with and without TOR-2 coexpression, was verified by Western blotting (Fig. 1E) .
Worms expressing both ␣-syn::GFP and TOR-2 in body wall muscles represented a genetic background whereby subtle changes in ␣-syn misfolding could be reproducibly and effectively discerned via RNAi screening. The reasoning behind use of the body-wall muscles was 2-fold; first, these are the largest, most readily scored cell type in adult C. elegans within which to accurately judge changes in ␣-syn misfolding, and, second, C. elegans DA neurons are recalcitrant to RNAi (12) . Moreover, we theorized that the presence of TOR-2, a protein with chaperone activity, served to maintain overexpressed ␣-syn at a threshold of misfolding, thereby enabling identification of genetic factors that more readily effect the formation of misfolded oligomers, or less mature ␣-syn aggregates, currently considered to be the more toxic species associated with degeneration (13, 14) .
Hypothesis-Based RNAi Screening for Effectors of ␣-Syn Misfolding.
To investigate putative effectors of ␣-syn misfolding, we have systematically screened 868 genetic targets with the potential to influence PD by selecting for candidates that, when knocked down, enhanced age-associated aggregation of ␣-syn::GFP. We used the C. elegans orthologs of established familial PD genes as the foundation for constructing a candidate gene list [supporting information (SI) Table 3 ]. The worm genome includes orthologs of all established familial PD genes (Parkin, DJ-1, PINK1, UCHL-1, LRRK2, PARK9, and NURR1) with the exception of ␣-syn. Specific C. elegans bioinformatic datasets were subsequently mined to define hypothetical interrelationships between the worm PD orthologs and previously unrelated gene targets. For example, using the C. elegans topology map (2), we identified all gene products that are coexpressed with the worm PD orthologs within a radius of one. Additionally, we identified all gene products that interact with these PD orthologs, as assessed by the worm interactome (1) . Also included among our RNAi targets were the worm orthologs of genes that were uncovered via screens for effectors of ␣-syn toxicity in Saccharomyces cerevisiae (6, 15) , as well as genes encoding nematode versions of proteins identified in a proteomic analysis of rotenone-induced Lewy bodies in DA neuron cell cultures (16) . We further extended our RNAi target gene set by identifying worm homologs of gene products ascribed to encompass the cellular protein degradation machinery. These included genes annotated in Wormbase as being involved in the ubiquitin-proteasome system, unfolded protein response, endoplasmic reticulumassociated degradation, and autophagy. Gene candidates derived from these pathways were assessed for homology to mammals, and nonconserved genes were excluded because it has been estimated that 47% of worm genes have no visible homology to mammals (17) . SI Table 3 shows 868 candidate genes targeted for knockdown. Furthermore, we have constructed a relational interconnectivity map depicting gene targets classified in more than one category (SI Fig. 3 ).
These candidate gene targets were knocked down by using RNAi, a method that is both rapidly and economically performed in C. elegans by feeding worms target-specific dsRNAproducing bacteria (18) . In total, 13% (111/868) were lethal; however, the remaining 757 genes were analyzed for accumulation of misfolded ␣-syn protein. The primary RNAi screen of adult stage worms (44-48 h after eggs were laid at 25°C) revealed that 17% (125/757) of these gene targets enhanced aggregation of ␣-syn in worms coexpressing ␣-syn::GFP and TOR-2. The misfolded protein appeared over developmental time and was randomly distributed in the cytoplasm of the body-wall muscle cells ( Fig. 1 C and D) . RNAi was performed on 20-30 animals in duplicate for each gene. As would be expected, a significant number of genes that alter folding or protein degradation were identified (SI Table 3 ). Notably included within this collection of positives were worm orthologs of five familial PD genes: Parkin (K08E3.7/pdr-1), DJ-1 (B0432.2/ djr1.1), PINK1 (EEED8.9/pink-1), NURR1 (C48D5.1/nhr-6), and PARK9/ATP13A2 (W08D2.5) (9, 19) .
Because PD is a disease of aging, we reasoned that gene products that play a more significant functional role in the management of ␣-syn misfolding or clearance would exhibit a stronger effect at an earlier age. In this regard, a secondary screen of the top 125 candidates was performed in worms at the L3 larval stage of development (32-36 h after eggs are laid). This resulted in further reduction of candidates where only Ϸ3% (20/757) of genes enhanced misfolding of human ␣-syn after RNAi treatment at this earlier developmental stage (Table 1 and  SI Table 3 ). Retained within this list of 20 more stringently selected hits were orthologs of known recessive PD genes, DJ-1 and PINK1, thereby representing internal validation of the screen. Another expected control for the screen, the C. elegans torsinA gene homolog tor-2, was also recovered. A notable gene from this dataset was T07F12.4, a serine-threonine kinase that is homologous to UNC-51, a protein similar to yeast Atg1p, required for autophagy, that also plays a role in axon elongation (20) . A human ortholog of worm UNC-51, termed ULK2, was recently identified by geneticists as one of only six genes that were distinguished as significant in a genome-wide association 
Examination of Knockdown of ␣-Syn Modifiers on Polyglutamine-
Induced Protein Aggregation. Our identification of gene products that influence the misfolding of ␣-syn does not preclude the possibility that these proteins play a more generalized role in regulating protein misfolding or degradation. Previous screens in both C. elegans and yeast have implicated various classes of gene products that influence the misfolding or clearance of polyglutamine repeat-containing proteins (15, 22) . In comparing the gene sets identified in those studies to our list of 125 less stringent modifiers of ␣-syn misfolding, we determined that only one positive gene was shared between these datasets, the C. elegans HSF-1 protein. HSF-1 is a critical evolutionarily conserved regulator of chaperone gene expression that would be presumed to exhibit a generalized function in mediating protein misfolding.
To further explore the prospect that the specific genes identified in our screen potentially act in a more generalized capacity, we used RNAi knockdown to evaluate loss of function associated with our strongest 20 ␣-syn modifiers in transgenic worms expressing a polyglutamine-GFP fusion protein. The results of this analysis indicate that RNAi knockdown of these targets had no significant influence on polyglutamine-dependent aggregation in vivo (SI Table 4 and SI Fig. 4 ). The sole exception was the TOR-2 chaperone-like protein, which served as a control in this analysis, because this protein has been shown to suppress polyglutamine aggregation in C. elegans (4) . These data are consistent with a previous report that demonstrated that the toxicity mediated by overexpression of ␣-syn versus a mutant huntingtin fragment in yeast was regulated by nonoverlapping gene sets (15) . In all, this analysis demonstrates that the strongest ␣-syn effector genes identified through our RNAi screening do not exert their influence via a general effect on protein misfolding, but more specifically contribute to cellular pathways associated with ␣-syn.
Identification of Neuroprotective Gene Products.
A distinct advantage of using C. elegans for functional investigation of gene activity is the level of accuracy that can be obtained in evaluating neurodegeneration. C. elegans has precisely eight DA neurons, with three pairs of neurons in the anterior [designated dorsal/ ventral cephalic (CEP) and anterior deirid (ADE)] and one pair in the posterior [posterior deirid (PDE)] of the animal. We have established that overexpression of WT human ␣-syn under the control of a DA neuron-specific promoter (P dat-1 ; DA transporter) results in age-and dose-dependent neurodegeneration. We generated two separate transgenic lines of animals that express ␣-syn at different levels, based on semiquantitative RT-PCR analysis (SI Fig. 5A ). At day 7 of adulthood, 87% of animals expressing a higher level of ␣-syn show DA neurodegeneration (SI Fig. 5B ) whereas 75% of animals expressing ␣-syn at lower levels display degenerative changes (data not shown). The loss of DA neurons also occurs as animals age, and no degeneration (0%) is observed in control animals (P dat-1 ::GFP) lacking ␣-syn overexpression (SI Fig. 5B ). Previously, these same animals have been used to validate the neuroprotective capacity of both worm TOR-2 and mammalian Rab1A, a GTPase involved in endoplasmic reticulum-to-Golgi transport (5, 6). Here we further extend our functional characterization of genes that resulted in enhanced ␣-syn misfolding when depleted by RNAi by systematically testing their prospective neuroprotective potential in vivo. Fig. 2A depicts a classification of the 20 positives where they are displayed according to their bioinformatic associations; several of these candidates shared more than one bioinformatic relationship (SI Table 5 ). For example, the C. elegans ORF F32A6.3 encodes a gene (vps-41) that is coexpressed in microarrays with the worm ortholog of UCHL-1, contains a RINGfinger motif common to E3 ligases, and is involved in autophagy (Fig. 2 A, circle) . We used inferred relationships between genes exhibiting such overlap to prioritize subsequent construction of transgenic animals to examine their ability to influence DA neuron survival.
Transgenic animals coexpressing cDNAs corresponding to seven prioritized positive targets from the RNAi screen were generated and crossed to isogenic lines of worms expressing ␣-syn in DA neurons (5, 6) . Overexpression of ␣-syn alone resulted in significant degeneration, where only 12.8% of worms displayed WT DA neurons when they were assayed at the 7-day-old stage ( Fig. 2 B-D) . Two genes exhibited an insignificant level of DA neuroprotection; these encoded an uncharacterized transcription factor (R05D11.6) and a C. elegans ortholog of Erv29p (C54H2.5), a vesicle-associated protein involved in endoplasmic reticulum-to-Golgi transport (Fig. 2B) . Strikingly, coexpression of five of seven candidate genes examined significantly rescued DA neurodegeneration with average WT worm populations from 24% to 37% (Fig. 2B ). Worms were scored as WT when all six anterior DA neurons were intact (Fig. 2 E and  F) . Transcription of all of the gene products tested was verified via semiquantitative RT-PCR (SI Fig. 6 ). Three independent transgenic lines were scored per gene tested, with 30 animals analyzed in triplicate experimental trials. In considering published evidence that TOR-2, DJ-1, and PINK1 have all previously been shown to be neuroprotective as well (5, (23) (24) (25) (26) , these combined results indicate that the strategy used in our screen is highly predictive of neuroprotective genetic modifiers.
The five genes that display significant neuroprotection (P Ͻ 0.05, Student t test) in our analysis included (i) F32A6.3, the worm ortholog of VPS41, a conserved vesicular protein necessary for lysosomal biogenesis; (ii) C35D10.2, classified as GIPC, a PDZ-domain containing protein that interacts with a vesicular (Table 2) .
Discussion
The key pathological hallmarks of PD include the development of ␣-syn containing protein inclusions and DA neurodegeneration. Although it remains unclear whether mature ␣-syn aggregates or Lewy bodies are causative for PD, evidence suggests that factors that influence the misfolding and oligomerization of this polypeptide lead to neurotoxicity (13, 14) . Regardless, proteins that play a role in protecting DA neurons from the degenerative loss associated with ␣-syn overproduction are candidate susceptibility markers as well as potential targets for therapeutic development. Here we have combined these distinct PDassociated phenotypic readouts to discern gene products with functional consequences for PD. Among the gene products identified via this screen, a protein that demonstrated high neuroprotective capacity was C. elegans VPS41. VPS41 is highly conserved across species and has been best characterized in S. cerevisiae, where it is involved in trafficking from the trans-Golgi to the vacuole, the yeast equivalent of the lysosome (27) . Little is known about the precise function of VPS41 in mammalian systems; however, in situ hybridization predicts the VPS41 gene to be expressed in brain neurons, with strong expression localized to the DA neurons of the substantia nigra (28) .
Evidence for lysosomal system dysfunction is emerging as a potential consequence of ␣-syn cytotoxicity. ␣-Syn is degraded in part by the lysosomal pathway, under the regulation of the cochaperone CHIP (29) , and mutant forms of ␣-syn can block chaperone-mediated autophagy (30) . Therefore, lysosomal failure has been proposed as a mechanism underlying the age dependence of PD (31) . PARK9, a hereditary form of parkinsonism with dementia, has been recently linked to mutation of a lysosomal ATPase (19) . Notably, the worm homolog of PARK9, W08D2.5, was uncovered in our original RNAi screen (one of 125 initial hits) where knockdown led to ␣-syn aggregation. This gene product is also neuroprotective when overexpressed in DA neurons (S.H., K.A.C., and G.A.C., unpublished observations).
Our identification of C. elegans ATG7 as a neuroprotective gene product is further suggestive of a significant role for autophagy and lysosomal function in restoring homeostatic balance to DA neurons in response to excess ␣-syn. ATG7 is an E1-like enzyme required for the initiation of autophagosome formation. Added validation for these worm data comes from mammals where it was shown that loss of the Atg7 gene in mice results in neurodegeneration and that this protein may function to prevent neuronal impairment and axonal degeneration (32, 33) . Among the factors that mediate DA neuron homeostasis is the interplay of DA production, transport, and receptor signaling. In the ''classical'' view of DA, D2 autoreceptors modulate a putative presynaptic feedback mechanism resulting in a net neuroprotective effect (34) . As the complexities of D2 signaling continue to be unraveled, it is critical to consider that this model does not take into account the largely unknown impact of ␣-syn misfolding and overabundance associated with PD.
Here we describe evidence indicating that GIPC (GAIPinteracting protein, C terminus), a conserved cellular scaffoldtype protein, has the capacity to function in a neuroprotective manner against ␣-syn-induced neurodegeneration. GIPC has been shown to interact with mammalian D2 and D3 receptors in heterologous cell cultures, where its expression appears to mediate endosomal trafficking and receptor stability (35) . GIPC was originally identified in a screen for proteins that bind to GAIP (G␣-interacting protein) (36) , a member of the large family called regulators of G protein signaling (RGS), yet GAIP is the only RGS protein that binds GIPC. Overexpression of GAIP has been shown to stimulate protein degradation via G␣ i -mediated induction of autophagy in human intestinal cells (37) . It is interesting to speculate that GIPC serves to modulate a presynaptic protein-coupled pathway that can somehow combat the effects of ␣-syn misfolding and accumulation, perhaps by a DA or DA receptor-regulated manner.
Our data demonstrating that the C. elegans F55A4.1 gene product, an ortholog of Sec22p, is neuroprotective accentuates the importance of vesicular trafficking between the endoplasmic reticulum and Golgi as an integral process affected by ␣-syn. We previously hypothesized that ␣-syn-dependent blockage of vesicular trafficking could lead to the limitation of available monoamine vesicular transporters (i.e., VMAT2) (6) . This would theoretically result in an excess pool of cytosolic DA and contribute to selective DA neurodegeneration. Indeed, ␣-syn overexpression may exacerbate this process, leading to increased cytosolic catecholamine concentration (38, 39) . Thus, cellular proteins, like Sec22p or those in the Rab GTPase family (i.e., Rab1) that enhance vesicular trafficking and the removal of DA from the cytosol, likely contribute to neuroprotection by relieving this ␣-syn-mediated blockade (6) . Although hypotheses focused on the intrinsic contributions of DA to cytotoxicity are appealing, it is important to remember that other neuronal subtypes are also susceptible in PD and that disruption of basic cellular functions has implications beyond the DA system. The candidate gene approach may limit the ability to make generalized conclusions about all possible gene families, pathways, or nonbiased gene sets that could potentially be revealed by genome-wide screening. By design, the genes preselected for analysis in our RNAi screen will not reveal all possible effectors of ␣-syn misfolding and neuroprotection in C. elegans. They are further limited by factors such as lethality and redundancy. Nevertheless, this focused strategy did not restrict the detection of unexpected effectors, as evidenced by the identification of the F16A11.6 gene product, which has not been previously linked to neuroprotection. This protein, which contains an RNÁ -binding motif, has Ͼ99% identity to an uncharacterized human gene product that is associated with neuronal RNA-rich granules where it may be involved in transport (40) . This is intriguing considering the recent discovery that miRNAs in DA neurons may play a role in neurodegenerative process (41) .
We contend that our a priori elimination of targets without significant homology to mammals, as well as prioritizing targets with putative relationships to known PD genes via our ''guilt by association'' bioinformatics selection strategy, significantly enhanced our ability to identify functionally relevant effectors. For example, we determined that genes coexpressed with known PD genes that are also components of cellular pathways implicated in PD have a far greater likelihood of significantly effecting ␣-syn misfolding (17% vs. 3% strong positives for the entire gene set) (SI Fig. 7A ). Furthermore, we discovered that 11% (3/28) of genes coexpressed with both DJ-1 and PINK1 were significantly enriched within our top 20 hits, as compared with the other top candidates that represented a 3% (17/757) hit rate (P Ͻ 0.05, Fisher exact test) (SI Fig. 7B ). In the era of completed genome sequences, this directed approach is applicable to other disease gene studies in model organisms and serves to accelerate the pace of gene discovery. With continued expansion in large-scale genomic/proteomic studies, established means for rapid functional validation of gene candidates will be important and necessary for reconciling disparate datasets, such as those obtained from the initial genome-wide analyses on PD (42) .
Taken together, the results of this study indicate that further characterization of the genes identified in our RNAi screen will yield additional insights into mediators of ␣-syn-induced cytotoxicity. An emerging model underlying PD involves dysfunction within a variety of intersecting pathways that maintain homeostasis via a compensatory balance between intracellular protein trafficking and degradation systems, as well as other signaling mechanisms triggered by stress. The manner by which ␣-syn impacts these mechanisms remains poorly defined, and factors that influence the stability, production, and clearance of this protein likely represent effectors of disease onset and progression. Identification of critical cellular mediators within these processes will enhance development of biomarkers and therapeutic agents to halt this disease.
Methods
Nematode Strains. Nematodes were maintained by using standard procedures (43) . To make transgenic lines, each expression plasmid was injected into WT N2 (Bristol) worms at 50 g/ml. For the RNAi screen, UA52 [baInl12; Punc-54::gfp, rol-6 (su1006)], UA49 [baInl2; P unc-54::a-syn::gfp, rol-6 (su1006)], and UA50 [baInl13; P unc-54 ::a-syn::gfp, P unc-54 ::tor-2, rol-6 (su1006)] were integrated as previously described (5) and outcrossed at least three times to N2 worms. The polyglutamine aggregation analysis was performed by using integrated isogenic strain UA6 [UA6 (baIn6)] coexpressing Q82::GFP and TOR-2 (4). Details on strains and crosses are available in SI Materials and Methods.
Plasmid Constructs. Plasmids were constructed by using Gateway Technology (Invitrogen); details are available in SI Materials and Methods.
Preparation of Worm Protein Extracts and Western Blotting.
Worm protein extracts were prepared and Western blotting was performed as described previously (5) . Details are available in SI Materials and Methods.
RNAi Screen and Analysis of ␣-Syn Misfolding or Polyglutamine Aggregation.
RNAi feeding was performed as described (18) with modifications listed in SI Materials and Methods. Bacterial clones leading to enhanced ␣-syn misfolding were tested in two trials, and the clones resulting in significant aggregation (80% of worms with increased quantity and size of ␣-syn aggregates) were scored as positive. For each trial, 20 worms were transferred onto a 2% agarose pad, immobilized with 2 mM levamisole, and analyzed. The identities of the top 20 positive hits from the RNAi screen were sequence-verified. For polyglutamine aggregation analysis, 20 worms at the L3 stage were scored for aggregate number in two separate trials.
Candidate Gene Analysis for Neuroprotection. Synchronized embryos expressing GFP and DsRed2 were transferred onto NGM plates and grown at 20°C for 7 days. For each trial, 30 worms were transferred to a 2% agarose pad, immobilized with 2 mM levamisole, and scored. Worms were considered rescued when all four CEP and both ADE neurons were intact and had no visible signs of degeneration. Each stable line was analyzed three times (90 worms per transgenic line). Three separate transgenic lines were analyzed per gene (270 animals per gene).
RNA Isolation and Semiquantitative RT-PCR.
Worms were harvested and snapfrozen in liquid nitrogen. After total RNA and cDNA preparation, semiquan-
